Particulate air pollution is linked to increased pneumonia epidemiologically and diminished lung bacterial clearance experimentally. We investigated the effect of concentrated ambient particles (CAPs, ≤ PM2.5) on the interaction of murine primary alveolar macrophages (AMs) and the murine macrophage cell line, J774 A.1, with Streptococcus pneumoniae. We found that CAPs increased binding of bacteria by both primary AMs and J774 cells (66.7±10.6% and 58.9±4.0%, respectively, n=4). In contrast to bacterial binding, CAPs decreased internalization in both AMs and J774 (55.4 ±8.5% and 54.7 ±5.1%, respectively, n=4). The rate of killing of internalized bacteria was similar, but CAPs caused a decrease in the absolute number of bacteria killed by macrophages, mainly due to decrease internalization. Additional analyses showed that soluble components of CAPs mediated the enhanced binding and decreased internalization of S. pneumoniae. Chelation of iron in soluble CAPs substantially reversed, while addition of iron as ferric ammonium citrate (FAC) restored inhibition of phagocytosis of S. pneumoniae in vitro. The results identify phagocytic internalization as a specific target for toxic effects of air pollution particles on alveolar macrophages.
INTRODUCTION
Numerous epidemiological studies have demonstrated that significant association between elevated levels of air pollution and increased risk of mortality and morbidity (1) (2) (3) (4) , especially in people with pre-existing pulmonary disease (2, 3, 5) . Infection, specifically pneumonia, contributes substantially to morbidity among elderly individuals exposed to ambient particulate matter (PM), as illustrated by the increased pneumonia hospital admissions associated with increased air particle levels (6, 7) . These epidemiologic findings suggest that airborne particulates may act as an immunosuppressive factor that can undermine the normal pulmonary defenses. Since elderly individuals with chronic respiratory disease are not only at increased risk of pneumonia but also are less likely to recover from infections (8) , alterations in the lung innate defenses may play a role in the observed increase in mortality following PM episodes.
The mechanisms by which particles diminish resistance to infection have not been fully elucidated (9) but are likely to include an important role for the alveolar macrophage (AM). The AM stands as the guardian of the alveolar-blood interface, serving as the front line of cellular defense against respiratory pathogens (10) . The AM is the primary cell responsible for uptake and clearance of inhaled microorganisms and environmental particles (11) (12) (13) . AM interaction with air pollution particles results in particle phagocytosis, oxidant production (14) and release of inflammatory mediators such as tumor necrosis factor (TNFα) (15) and MIP-2 (16) .
Prior studies show that exposure to air pollution particles can increase susceptibility to lung infection. For instance, Hatch et al tested various particles that increased susceptibility to pulmonary bacterial infection in a mouse model (17) . Diesel exhaust particles (DEP) can impair the pulmonary clearance of Listeria monocytogenes in rats (18) , and increase the severity of influenza virus infection in mice (19) . Exposure of rats to residual oil fly ash (ROFA) significantly enhanced lung injury and delayed the pulmonary clearance of L. monocytogenes along with a reduction in nitric oxide production by AMs (20) .
While epidemiologic data reveals increased hospital admissions, etc. related to lung infection, which organism(s) causes the increase is unknown. One likely candidate is Streptococcus pneumoniae, the most frequent bacterial pathogen causing pneumonia in humans (21) . Host defenses against pneumococcal pneumonia are complex and remarkably efficient, given the much greater rate of colonization of upper airways by pneumococci than pneumonic infection and the normal nocturnal aspiration of small amounts of bacteria-laden nasopharyngeal secretions (22, 23) . The lung macrophage plays a critical role in the initial host defense against bacterial infection (24, 25) , and is a likely target for air particle-mediated disruption of innate resistance. Hence, the purpose of this study was to investigate in vitro the effects of CAPs on macrophage phagocytosis and killing of Streptococcus pneumoniae.
We analyzed alveolar macrophage binding, ingestion and killing of Streptococcus pneumoniae. Because our previous studies found that activated or 'primed' alveolar 6 macrophages showed enhanced responses to air particles (26), we compared the effects of CAPs on interferon-γ primed and normal AMs, as well as the macrophage cell line J774A.1. We also investigated which components of CAPs samples altered macrophage function, and studied the contribution of oxidant mechanisms by use of anti-oxidants and metal chelation. The results show that soluble metals in CAPs cause oxidant-dependent and specific inhibition of macrophage internalization of bacteria, which results in overall diminished bacterial killing.
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MATERIALS AND METHODS
Mice
Male BALB/c mice (age 6-8 wks) were purchased from the Charles River Laboratories Inc. (Wilmington, MA) and maintained under specific pathogen-free conditions. All protocols used in these experiments were approved by Harvard University's animal care and use committee. The mice were killed with an intraperitoneal injection of a lethal dose of sodium pentobarbital (FatalPlus, Vortech Pharmaceuticals).
Cell Isolation and Culture
Alveolar macrophages (AMs) were isolated by repeated bronchoalveolar lavage The normal samples used were routinely comprised of > 95% AMs.
The murine macrophage cell line J774A.1 (American Type Culture Collection ( ATCC), Manassas, VA) was grown in RPMI 1640 medium (BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine serum, L-glutamine (2mM), penicillin (100 U/ml), streptomycin (100 μg/ml). The cells were cultured in 6-well ultra-low adherent plate (Corning Inc., Corning, NY) at 2x10 5 /ml for 24−48 h before the assay. Cell counts and viability were determined using a hemocytometer and trypan blue dye exclusion.
Cells were then adjusted to 1x10 6 cells/ml in BSS + for experimental use. 
Bacteria
Encapsulated virulent
Preparation of Particle Suspensions
Concentrated air particles (CAPs, 0.1−2.5 µM diameter, PM 2.5 ) were collected from Boston air using the Harvard concentrator (27) . At least three different CAPs samples collected on different days were studied. Urban air particle sample SRM 1649
(UAP) was collected in Washington, DC and was purchased from the National Bureau of immediately prior to use.
CAPs Treatment
To isolate soluble and insoluble fractions of CAPs, the particle suspension was centrifuged at 8,000 rpm for 5 min at 4°C to pellet particulates. The supernatant (soluble fraction) was recovered and the pellet was resuspended in equal volume of H 2 O (and is referred to as the insoluble fraction). Both fractions were assayed together with the original CAPs particle suspension (referred to as whole CAPs). In some experiments the soluble CAPs sample was treated with the chelating resin, Chelex 100 (Sigma) (100mg Chelex/0.1 mg CAPs). A control sample comprised of an identical volume of sterile deionized distilled water was also treated with resin. The samples were mixed well and incubated on a rotor for 2-3 h at room temperature, centrifuged at 8,000 rpm for 5 min to pellet the chelex beads, and the chelated supernatant was recovered (designated as sCAPs+chelex or H 2 O+chelex).
Binding, Phagocytosis and Killing Assay
A standard bacterial uptake and killing assay was used to evaluate the effect of pretreatment of macrophages (500k cells/0.5 ml in BSS + ) with CAPs (100 µg/ml). After incubation with CAPs for 1 h at 37°C, macrophages were interacted with S. pneumoniae for 1 h at 37°C (bacteria to macrophage ratio approximately 10:1), unbound bacteria were washed away by PBS for three times. To measure total uptake bacteria at this time point, the cells were lysed by cold water (pH 10.5) and vortexed vigorously for 1 min, then sat for 20-30 min at room temperature. The lysates were diluted in PBS and plated onto sheep-blood agar plate (BD Diagnostic Systems, Sparks, MD) and incubated at 37°C in 5% CO 2 . CFUs were counted after 16 h incubation. The total bound bacteria were calculated by subtracting the CFU total inside after gentamycin treatment from the total CFU (bound and inside) (see Figure 1A) . To evaluate phagocytosis, one hundred microgram per milliliter of gentamycin (Sigma) was added to separate aliquots to kill extracellular bacteria for 15 min at 37°C (28, 29) . To study killing of ingested bacteria, the cells were incubated for another hour at 37°C. Samples at each stage were lysed and bacterial numbers measured by CFU assay. The number of bacteria killed by the macrophages was determined by subtracting the number of viable CFU counted from phagocytosis CFU. These three stages are summarized in Fig. 1A .
To focus on the internalization phase of macrophage phagocytosis of S.
pneumoniae, we used a modified protocol as summarized in Fig. 1B . In these experiments, we incubated macrophages with bacteria at 4°C to first allow binding without internalization. After washing away unbound bacteria three times with ice cold BSS + , CAPs samples were then added and incubated for 1 h at 37˚C, and samples were subsequently evaluated for internalization of bacteria by CFU counting of lysed samples as above.
Statistical Analysis
Experiments were conducted, at minimum, in triplicate and all data are presented as mean ± SD. All tests were performed using software GraphPad Prism 3.0 (GraphPad Software, San Diego, CA). Student's t tests were run to determine P values when comparing two groups. For three or more groups, differences among groups were evaluated using Analysis of Variance (ANOVA) with a post hoc Bonferroni's multiple comparison test.
For all analyses, a value of P < 0.05 was considered statistically significant.
RESULTS
Effects of CAPs on Macrophage Interactions with Streptococcus pneumoniae
To investigate whether CAPs impair macrophage interactions with Streptococcus pneumoniae, we measured the three components of phagocytosis (binding, internalization and killing) in primary alveolar macrophages (AMs) (with or without priming by interferon-gamma) and the murine macrophage cell line J774A.1, using the protocol summarized in Fig. 1A . Results shown are from one CAPs sample; similar results were seen with two other CAPs samples collected on different days (data not shown).
Binding. Compared to the control group treated with buffer only (PBS), CAPs caused increased binding of S. pneumoniae bacteria by all three types of macrophages studied:
IFN-γ primed AMs, normal AMs and J774A.1 cells showed increased binding of 57.9 ± 5.6%, 66.7 ± 10.6% and 58.9 ± 4.0%, respectively (n=4), (Fig. 2A) .
Internalization. In contrast to the finding of increased binding, analysis showed decreased internalization of bound bacteria by all three types of macrophages, as shown in Fig. 2B . Internalization of S. pneumoniae was reduced in IFN-γ primed AMs, normal AMs and J774A.1 cells by 73.9 ± 9.3%, 55.4 ± 8.5% and 54.7 ± 5.1% compared to no CAPs control groups, respectively (n=4).
Killing. The rate of killing of internalized bacteria was similar in the presence or absence of CAPs. For primary AMs, the rate of killing was 65.7 ± 6.9% with CAPs compared to 13 no CAPs group 69.3 ± 8.1%; For J774 macrophage cell line, the rate of killing was 61.0 ± 1.9% with CAPs vs 65.3 ± 5.2% without CAPs, but CAPs caused a decrease in the absolute number of bacteria killed by all three types of macrophages studied (Fig. 2C) , due to the decrease in internalization.
Effects of Other Particles
To investigate the specificity of CAPs effects, we compared effects on macrophage interaction with bacteria by CAPs to those of a panel of other environmental particles or surrogates. In contrast to CAPs, the inert particles titanium dioxide (TiO 2 ) and carbon black (CB) had no effect on J774 binding or internalization of S. pneumoniae, (Fig. 3A, 3B) . However, effects similar to those observed with CAPs were found upon testing another urban air particle sample (UAP), the SRM 1649 sample of Washington, D.C. air particles (data not shown).
Soluble Components of CAPs Inhibit Macrophage Internalization of S. pneumoniae
To focus on the internalization phase of macrophage ingestion of S. pneumoniae, we used the modified protocol summarized in Fig. 1B . Macrophages were pre-loaded with bacteria by binding at 4°C for 1 h, CAPs components were then added, and effects on internalization of bacteria measured after one hour at 37°C. We first tested the effects of the soluble and insoluble fractions of CAPs suspensions and compared them with the whole CAPs sample. The results showed that the soluble fraction of CAPs (sCAPs) is responsible for decreased internalization (while the isolated insoluble fraction had 14 minimal effect in the same assay) (Fig. 4) . Hence we next further analyzed the soluble CAPs components.
Soluble metals, especially iron, are released by air particle samples in aqueous solution and are linked to cytotoxic and biologic effects (30) (31) (32) . To determine the contribution of iron and other metals in the effect of soluble CAPs on bacterial ingestion, we used both chelation to remove metals from CAPs samples and addition of soluble metals. Using the analysis of internalization protocol (Fig. 1B) , we found that chelation treatment of soluble CAPs substantially reversed the ability of these samples to mediate inhibition of internalization of streptococcus (Fig. 5A ).
Oxidant stress induced by soluble metals in CAPs samples may mediate the damage to internalization machinery of the macrophage. This postulate was supported by the observation that the antioxidant dimethyl-thiourea (DMTU, 1 mM) partially reversed CAPs-mediated inhibition of internalization of streptococcus (Fig. 5B) ; no increased effect was observed at 10 or 20 mM DMTU and no effect at all was observed using Nacetylcysteine (NAC) 10 mM (data not shown).
To further test the potential role of iron in the inhibition of phagocytosis by soluble fraction of CAPs, we added back iron in the form of ferric ammonium citrate (FAC) to a soluble CAPs sample which had been treated with chelation, and found the addition of soluble iron restored the impairment of internalization (Fig. 6A) . Moreover,
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this observation was also supported by the ability of FAC by itself to cause impaired internalization of bacteria when added to macrophage cultures (Fig. 6B) .
DISCUSSION
The study found that air pollution particles cause a functional impairment of the antibacterial capacities of murine macrophages. A main finding is that concentrated air particles (CAPs) cause a specific inhibition of the internalization phase of macrophage bacterial uptake. Although the killing rate was not affected per se, the impaired internalization resulted in an overall decrease in killing with more viable bacteria surviving. Similar results were also observed with a standard reference material sample of urban air particles collected in another city (data not shown) but not with other inert particles, TiO 2 and carbon black.
One intriguing aspect of the epidemiological data is that air particle health effects are primarily seen in those people with preexisting inflammatory lung disease, while little or no effect is seen in normal individuals with healthy lungs (2, 3, 5) . Our hypothesis is that in the inflammatory milieu of diseased lungs, alveolar macrophage may be primed for enhanced responses to inhaled air particles. In vitro, LPS priming substantially enhances particle-mediated TNF release by AMs from both rat and human sources (26). Our interpretation that the internalization phase is the major defect in CAPsexposed macrophage phagocytosis is based on similar findings using a general uptake assay (Figs. 1-3A) and an internalization-specific protocol (Figs 3B-6 ). An alternative possibility is that CAPs increase binding but the internalization mechanism is saturated.
We consider this unlikely since the average number of bacteria per cell, even in the CAPs-treated macrophages that show increased binding, (e.g., Fig. 2 ) is approximately 1-2, and only a small number are internalized (as previously reported for encapsulated S.
pneumoniae type III (33)). It is also more likely that decreased internalization would lead to decreased bacterial clearance as observed epidemiologically and experimentally (7, 18, 34) . Nevertheless, pilot studies in our laboratory show that the increased binding of pneumococci can be partially blocked by antagonists of the platelet-activating factor receptor (35) or scavenger receptors (36) (data not shown). The possibility that CAPs cause increased surface expression or avidity of these receptors merits future exploration.
Oxygen radicals and their metabolites (ROS) have been reported to play a major role in pulmonary toxicity caused by the inhalation of different particles (37) (38) (39) . In our study, the antioxidant, DMTU caused partially reversal of inhibition of phagocytosis, suggesting CAPs caused diminished macrophage internalization due to CAPs-mediated oxidant stress in the cells. CAPs may also alter other cytokine production in macrophages, which might in turn affect macrophage ingestion of the intracellular pathogens.
The pulmonary toxicity of complex metal-containing particulates can be associated with the soluble forms of transition metals and the dose (32, (40) (41) (42) (43) (44) . Particles containing easily solubilized metals cause a more rapid onset and severity of acute lung injury (42) . Moreover, Antonini et al. (45) demonstrated that the solubility of welding fumes influenced the viability and the production of reactive oxygen species (ROS) in lung macrophages in vitro. Wilson et al. (46) also showed that untrafine carbon particles induced inflammation in the rat lung that was potentiated by the addition of iron chloride.
In our study, we separated whole CAPs sample into soluble and insoluble fractions and compared their role in macrophage binding and phagocytosis of S. pneumoniae. Our results indicated that soluble components of CAPs appear to contribute significantly to the increase of binding and decrease of internalization.
We hypothesized that iron in the soluble components may play a key role in the phagocytosis. To address this issue, the soluble fraction of CAPs was treated with chelex beads (chelex-100) to remove soluble metals. These beads have an especially high affinity for iron (32, 47, 48) . In contrast to the soluble CAPs, the chelex-treated soluble fraction did not inhibit internalization. Furthermore, adding ferric ammonium citrate These data identify the macrophage internalization machinery as a key target for particle toxic effects. Future studies using a proteomics approach (49, 50) to identify oxidatively modified proteins in CAPs-exposed macrophages may provide further insights. pneumoniae. Bars represent means ± SD of three independent experiments (n=3). *P < 0.05 and **P < 0.01 compared to control (C). 
